Introduction {#j_hukin-2018-0096_s_001}
============

The Ironman is a multi-stage endurance event covering 3.8 km swimming, 180 km cycling and 42.195 km running ([@j_hukin-2018-0096_ref_031]). Every year, more than 50,000 participants in more than 20 countries try to qualify for the World Championship in Kona, Hawaii ([@j_hukin-2018-0096_ref_059]), one of the toughest endurance races in the world ([@j_hukin-2018-0096_ref_002]; [@j_hukin-2018-0096_ref_038]). In addition, most participants are unprofessional triathletes aged between 35 and 45 years old and even though amateurs, they must have a very controlled dietary and training routine to decrease health risks and achieve the best personal performance in each event ([@j_hukin-2018-0096_ref_002]; [@j_hukin-2018-0096_ref_004]).

During an Ironman race, energy expenditure ranges from 8,500 to 11,000 kcal ([@j_hukin-2018-0096_ref_033]), with a body mass loss from 4 to 8% ([@j_hukin-2018-0096_ref_056]) and total body water (TBW) turnover may be around 16 L or 1.33 L^.^hour^-1^ ([@j_hukin-2018-0096_ref_010]). Medical volunteers attending Kona's (World Championship) physicians' tents reported that dehydration and hyperthermia were the main concerns in Ironman^®^ finishers, greater than other risks such as corneal abrasions, simple exhaustion, burns caused by jellyfish with rare anaphylaxis or bike accidents ([@j_hukin-2018-0096_ref_035]).

With regard to performance, although muscle glycogen and blood glucose were the most important substrates for contracting muscles ([@j_hukin-2018-0096_ref_008]; [@j_hukin-2018-0096_ref_023]; [@j_hukin-2018-0096_ref_024]), [@j_hukin-2018-0096_ref_043] pointed that it was unlikely that only muscle glycogen depletion limited prolonged exercise. Thus, it has been suggested that dehydration could also impair performance ([@j_hukin-2018-0096_ref_009]). In the need to dissipate the heat generated during exercise, sweat losses occur ([@j_hukin-2018-0096_ref_050]). This body water reduction may result in an increased heart rate, a reduction in plasma volume (PV), stroke volume and a skin blood flow, leading to an inability to maintain thermal homeostasis ([@j_hukin-2018-0096_ref_050]; [@j_hukin-2018-0096_ref_053]; [@j_hukin-2018-0096_ref_054]). Furthermore, water loss by sweating is accompanied by the loss of important minerals, such as potassium, which has been postulated as one of the possible causes of fatigue ([@j_hukin-2018-0096_ref_016]). Severe dehydration could also reduce the rate of gastric emptying while increasing the likelihood of gastrointestinal problems ([@j_hukin-2018-0096_ref_045]).

All these factors, alone or together, seem to be responsible for the impairment of performance in prolonged exercise. [@j_hukin-2018-0096_ref_060] reported that reductions in body mass of 12% resulted in a 44% reduction in performance, while 3% dehydration caused by diuretics induced a 3-5% reduction in 1,500-10,000m running times ([@j_hukin-2018-0096_ref_001]). Additionally, in a triathlon, the inability to consume fluids during the swim portion and inappropriate water intake during cycling had a great influence on the subsequent running performance ([@j_hukin-2018-0096_ref_034]), being the stage (running) of the Ironman^®^ with most dropouts compared to swimming and cycling ([@j_hukin-2018-0096_ref_035]). These potential harms are possibly increased by elevated temperature and relative humidity ([@j_hukin-2018-0096_ref_036]; [@j_hukin-2018-0096_ref_053]).

Although there exist medical ([@j_hukin-2018-0096_ref_011]) and nutritional ([@j_hukin-2018-0096_ref_025]) recommendations highlighting the importance of hydration during prolonged exercise such as an Ironman triathlon, this issue remains of critical importance, especially considering different dietary and hydration strategies applied during the race that might be very individual. The same way hypohydration may lead to the aforementioned physiological limitations, overhydration leads to electrolyte imbalance that may result in hyponatremia (low plasma sodium) ([@j_hukin-2018-0096_ref_022]; [@j_hukin-2018-0096_ref_057], [@j_hukin-2018-0096_ref_058]), which affects negatively performance and besides, could also result in mental confusion, weakness, fainting and death ([@j_hukin-2018-0096_ref_020]; [@j_hukin-2018-0096_ref_025]).

Despite the importance of hydration status after an Ironman triathlon, there is a clear lack of review and especially meta-analysis studies on this topic. Such studies would have great practical implications for athletes and coaches as they would provide information on optimal hydration strategies. Therefore, the purpose of this article was to critically review the literature on hydration status after an Ironman triathlon. A quantitative analysis was also performed to achieve objective results. To the best of our knowledge, this is the first review with a meta-analysis on this topic. Our hypothesis was that athletes participating in an Ironman triathlon would finish the race with high levels of dehydration.

Methods {#j_hukin-2018-0096_s_002}
=======

A systematic review of the literature was conducted up to June 2016, including the following databases: PubMed, Web of Science, Science Direct and SCOPUS. Our search included papers published from 2006 as it is the year of the first report ([@j_hukin-2018-0096_ref_037]) related to hydration status after an Ironman race or distance matched to an endurance triathlon ([Figure 1](#j_hukin-2018-0096_fig_001){ref-type="fig"}).

![PRISM flow diagram for the search strategy.](hukin-70-093-g001){#j_hukin-2018-0096_fig_001}

We included studies fulfilling the following criteria: (a) full report of an original investigation published in a peer-reviewed journal; (b) publications in English, Spanish or Portuguese; (c) hydration status assessed before and at least one hour after the race (Ironman distance); triathlon distance matching to Ironman distance (3.8 km swim; 180 km cycling; 42 km run). Articles were excluded if: (a) a full-text article was unavailable; (b) the study used drug administration or nutritional supplementation before and/or during the race.

All relevant data from each included study were extracted: characteristics of the sample (n, sex and age); characteristics of the race (weather, hydration and feeding, and finish time); body composition and hydration outcomes. Hydration variables were extracted as mean and standard deviation (SD) values at baseline and post-race for the quantitative analysis. The characteristics of included studies are summarized in [Table 1](#j_hukin-2018-0096_tab_001){ref-type="table"} and are presented by order of publication.

###### 

Hydration/dehydration outcomes studied in full Ironman races.

  Study                          Sample \[n; age (mean ± SD; sex\]   Race characteristics   Body composition   Hydration/dehydration outcome                                                            
  ------------------------------ ----------------------------------- ---------------------- ------------------ ------------------------------- -------- -------- -------------------------------------- ----------------------
  [@j_hukin-2018-0096_ref_037]   10; 34.7 ± 4.8; male                20.5°C (19 -- 26°C)    NR                 10h11min                        -2.93%   NR       USG (g/ml)                             0.59 % \*
  [@j_hukin-2018-0096_ref_019]   181; 34.2 ± 8.2; male               20.5°C (17--23.9°C)    *ad libitum*       12h39min                        -4.87%   NR       Plasma Na (mmol/l)                     0.64 %
  [@j_hukin-2018-0096_ref_029]   16; 36.6 ± 7.0; female              NR (17--23°C)          NR                 12h11min                        -1.00%   -1.8%    USG (g/ml) Plasma Na (mmol/l)          1.29 % \* -1.66 % \*
  [@j_hukin-2018-0096_ref_032]   27; 39.3 ± 9.2; male                NR (17--25°C)          NR                 11h36min                        -2.3%    -2.3%    USG (g/ml) Plasma Na (mmol/l)          1.19 % \* - 0.43 %
                                                                                                                                                                 Total Body Water (l)                   \- 1.18 %
  [@j_hukin-2018-0096_ref_040]   15; 40.1 ± 6.8; male                NR (14--23.2°C)        *ad libitum*       11h09min                        -3.2%    -2.9%    USG (g/ml) Plasma \[Na^+^\] (mmol/l)   1.28 % \* 0.79 %
                                                                                                                                                                 Urine osmolality (mosmol/kgH~2~O)      57.3 % \*
                                                                                                                                                                 Serum osmolality (mosmol/kgH~2~O)      2.70 % \*
  [@j_hukin-2018-0096_ref_042]   8; 43.5 ± 5.5; male                 NR (14--23.2°C)        *ad libitum*       11h27min                        -2.5%    -2.35%   USG (g/ml) Plasma \[Na^+^\] (mmol/l)   1.48 % \* 1.15 % \*
                                                                                                                                                                 Urine osmolality (mosmol/kgH~2~O)      68.3 % \*
                                                                                                                                                                 Plasma osmolality (mosmol/kgH~2~O)     3.2 % \*

Hydration/dehydration outcomes studied in full Ironman races. NR: non-reported; USG: urine specific gravity (g/ml); Na: plasmatic sodium (mmol/l); TBW: total body water (l); UO: urine osmolality (mosmol/kgH~2~O); PO: plasma osmolality (mosmol/kgH~2~O); PO: plasma osmolality (mosmol/kgH~2~O); \*: statistical difference from baseline to post-race values (p \< 0.05)

We performed the meta-analysis by computing the standardized mean difference (SMD; Hedges' *g*) using the random-effects model, and carried out quantitative analyses on the confined data derived from the baseline measure (before race) and post-race values of each study. If any hydration variable had a negative effect pointing to dehydration, it was inversely plotted for the pooled analysis to calculate the SMD. As previously suggested ([@j_hukin-2018-0096_ref_003]), we combined the outcomes for trials with more than one hydration variable. We assessed heterogeneity with the Cochran's *Q* test and tau-squared (τ*^2^*) and measured inconsistency (the percentage of total variation across studies due to heterogeneity) of effects across exercise interventions using the *I^2^* statistic proposed by [@j_hukin-2018-0096_ref_021]. The risk of publication bias was objectively assessed with the Egger et al.'s test (1997). The level of significance was set at *p* = 0.05 for all analyses, except for Egger's regression to assess funnel plot asymmetry, which was set at *p* = 0.1, as previously suggested ([@j_hukin-2018-0096_ref_015]). We used the software Comprehensive Meta-Analysis (CMA 3.0, Englewood, USA) and GraphPad Prism (v.6.0, California, USA) to carry out all procedures.

Results {#j_hukin-2018-0096_s_003}
=======

The search of PubMed, Web of Science, Science Direct and SCOPUS provided a total of 995 citations. After adjusting for duplicates, 873 articles were included for further analysis, yet, 844 were discarded for not meeting inclusion criteria after the abstract review. We examined the full text of the remaining 29 articles in more detail; 23 appeared not to meet the inclusion criteria as described and were also discarded. Finally, six studies met all the criteria and were therefore included in the systematic review and quantitative analysis ([Figure 1](#j_hukin-2018-0096_fig_001){ref-type="fig"}).

All studies selected for this review were observational cross-sectional trials published in English. They referred to different official full Ironman races (3.8 km swim; 180 km cycling; 42.195 km run) and measured at least one hydration variable before and after the event (1-h maximum). A more thorough description of each race, sampling and outcomes is available in [Table 1](#j_hukin-2018-0096_tab_001){ref-type="table"}. The studies used five different hydration variables: plasma osmolality (PO), urine osmolality (UO), plasma sodium (Na), urine specific gravity (USG) and total body water (TBW).

Summary and individual effects of each study are presented in the forest plot ([Figure 2](#j_hukin-2018-0096_fig_002){ref-type="fig"}). In the pooled analysis, it was found that the Ironman race led to a moderate state of dehydration in comparison to baseline values (SMD 0.494; 95 % CI 0.220 to 0.767; *p* = 0.001). Some evidence of heterogeneity and consistency was also observed: *Q* = 19.6; *I^2^* = 28.5%; *τ^2^* = 2.39 ([@j_hukin-2018-0096_ref_021]).

![Forest plot: standardized mean difference (Hedges' g) and 95% confidence interval of each analysis from each study and summary effect. The square size of each study expresses its respective weight. CI: confidence interval; USG: urine specific gravity; Na: sodium plasma concentration; TBW: total body water; PO: plasma osmolality; UO: urine osmolality.](hukin-70-093-g002){#j_hukin-2018-0096_fig_002}

Discussion {#j_hukin-2018-0096_s_004}
==========

The present study aimed to systematically review the literature and carry out a meta-analysis investigating the hydration status after an Ironman triathlon. Current evidence was almost unanimous pointing to a hypo-hydration state after this endurance triathlon; such an outcome was also confirmed in the meta-analysis performed with available data.

The main causes of dehydration during endurance exercise were sweat losses and fluid restriction/unavailability ([@j_hukin-2018-0096_ref_006]). For that matter, it has been suggested that body mass losses greater than 2% represent intracellular or osmotic dehydration (ICD) ([@j_hukin-2018-0096_ref_006]; [@j_hukin-2018-0096_ref_007]; [@j_hukin-2018-0096_ref_012]). Although ICD depends on a number of factors, it may indicate an approximately 1.4 L of TBW loss, decreasing PV and increasing PO, activating osmoreceptors and secondary baroreceptors for a neuro-endocrine reflex for water balance, including compensatory renal water conservation and water acquisition (thirst) ([@j_hukin-2018-0096_ref_014]; [@j_hukin-2018-0096_ref_046]; [@j_hukin-2018-0096_ref_051]). Furthermore, hyper osmolality is a possible consequence of dehydration that can help to mediate body core temperature ([@j_hukin-2018-0096_ref_055]) and cardiovascular strain ([@j_hukin-2018-0096_ref_041]; [@j_hukin-2018-0096_ref_062]). These factors, together with increased thirst sensation ([@j_hukin-2018-0096_ref_047]) may elevate effort perception and produce subjective feelings of fatigue that might limit performance in endurance exercise ([@j_hukin-2018-0096_ref_044]), such as an Ironman triathlon.

On the other hand, some evidence reported a positive relationship between dehydration and endurance performance ([@j_hukin-2018-0096_ref_013]; [@j_hukin-2018-0096_ref_026]; [@j_hukin-2018-0096_ref_030]; [@j_hukin-2018-0096_ref_063]); however, the physiological mechanisms that may occur were not yet elucidated ([@j_hukin-2018-0096_ref_018]). TBW loss may be a fine line between performance improvement and a metabolic overcharge, increasing the risk of the dropout in endurance races. It seems that some weight loss during endurance exercise is needed to maintain euhydration. However, reaching consensus about whether dehydration improves or decreases performance, and in which conditions, is far beyond the scope of this study. This issue has been previously reviewed by Goulet ([@j_hukin-2018-0096_ref_017]; [@j_hukin-2018-0096_ref_018]).

Considering the present results, although there was a positive and significant effect indicating a dehydrated status after the Ironman triathlon, it should be noted that from a clinical perspective none of the studies reported mean values below or over normal variables ([@j_hukin-2018-0096_ref_005]; [@j_hukin-2018-0096_ref_048]; [@j_hukin-2018-0096_ref_061]). The explanation is possibly a combination of pre-race overhydration and adequate fluid intake during the race. Food and fluid intake during the race was *ad libitum*, since the race organizers or athletes themselves provided it, allowing a satisfactory nutrition replacement. [@j_hukin-2018-0096_ref_028] described the dietary consumption of 18 triathletes (10 males) during an Ironman triathlon and reported a fluid intake of 127 ml⋅kg^-1^ for women and 123 ml⋅kg^-1^ for men.

Furthermore, studies included in the present analysis were performed in day temperature ranging from 17 to 26 °C, which represents a pleasant weather to race for most athletes. This could possibly influence hydration status. Several studies have demonstrated the exercise-heat stress effect on endurance performance ([@j_hukin-2018-0096_ref_027]; [@j_hukin-2018-0096_ref_049]; [@j_hukin-2018-0096_ref_050], [@j_hukin-2018-0096_ref_052]). [@j_hukin-2018-0096_ref_027] reported a performance decrease of approximately 6% for each 4°C temperature increase during a time trial cycling effort. Heat stress when combined with physical effort may push the cardiovascular system close to its limits while competing simultaneously to thermoregulatory and metabolic demands for the skin blood flow and contracting skeletal muscles, respectively ([@j_hukin-2018-0096_ref_049]), favoring the installation of fatigue. Thus, during exercise-heat stress, sweat output may exceed fluid intake and lead to dehydration, which often increases heat storage and reduces the ability to tolerate exercise-heat strain ([@j_hukin-2018-0096_ref_050], [@j_hukin-2018-0096_ref_052]). Furthermore, it is worth mentioning that hypohydration represents a continuum from both athletic and clinical perspective, whereas clinical dehydration considering body mass deficit is referred to as mild (1-5%), moderate (2-5%) and severe (\>10%), and from an athletic perspective is mild to moderate (2-5%) and severe (\>5%) ([@j_hukin-2018-0096_ref_039]).

Although there is a general body of evidence regarding hydration status after endurance exercise in the heat, it seems to be a gap in the literature regarding Ironman triathlons, which could represent interesting data, in the way that almost 30% of Ironman races are performed in tropical locations, including the World Championship in Kona, Hawaii, with weather temperate reaching 38°C ([@j_hukin-2018-0096_ref_002]; [@j_hukin-2018-0096_ref_038]).

Moreover, all studies only included Ironman finishers, and possible cases of unfinished races due to dehydration might have been excluded. The evaluation of clinical variables of dropouts may provide fundamental information for coaches and athletes. It is also noteworthy that there is some variability in data affecting body hydration, such as: fluid overloading (as a consequence of excessive drinking) and serious dehydration in Ironman triathlons. Furthermore, the present study has some limitations, such as the small number of studies included in the analysis, the small sample size used in some of these studies and the heterogeneity of variables used to determine hydration status.

In conclusion, analysis of the current body of evidence regarding hydration status after Ironman events demonstrated that after the race athletes seemed to be hypo-hydrated in comparison to baseline values, but not sufficiently to be diagnosed as clinically dehydrated. On the other hand, given the importance of hydration to performance, the results suggest that athletes\' performance could have been better if they were properly hydrated. Thus, it is also suggested that athletes, coaches, nutritionists and physiologists should be concerned to better evaluate this condition, favoring the achievement of better performance.
